Field and laboratory characterization of marine particles is laborious and expensive. Proxies of particle properties have been developed that allow researchers to obtain high frequency distributions of such properties in space or time. We focus on optical techniques used to characterize marine particles in-situ, with a focus on GEOTRACES-relevant properties, such as bulk properties including particle mass, crosssectional area, particle size distribution, particle shape information, and also single particle optical properties, such as individual particle type and size. We also address the use of optical properties of particles to infer particulate organic or inorganic carbon. In addition to optical sensors we review advances in imaging technology and its use to study marine particles in situ. This review addresses commercially available technology and techniques that can be used as a proxy for particle properties and the associated uncertainties with particular focus to open ocean environments, the focus of GEOTRACES.
Introduction to the role of particles in GEOTRACES
Riverine particles and atmospheric aerosols serve as input of trace elements to seawater. Trace elements are removed from seawater by active uptake by phytoplankton, subsequent grazing and sedimentation as well as via adsorption to particles. They are also internally recycled within the ocean through physical and biogeochemical processes (for recent summaries, see Anderson and Hayes, 2014; Jeandel et al., 2015) . Consequently, an accurate knowledge of the abundance, distribution and composition of particles in the ocean is essential to the mission of the GEOTRACES program, an international study of the marine biogeochemical cycles of trace elements and their isotopes <www.geotraces.org>. Collection of particles in discrete samples, followed by the chemical characterization of particle composition, is widely used in GEOTRACES to define the role of particles in trace element cycles McDonnell et al., 2015) . The inherent spatial and temporal limitations of discrete sampling potentially introduce a bias into the interpretation of the results due to an incomplete description of the particle field.
Optical techniques allow for sampling at much greater spatial and temporal resolution, providing a more informed context for interpreting the results from discrete samples as documented below (Fig. 1 ). In addition, preliminary application of optical techniques during early GEOTRACES cruises has helped to establish an important role for intermediate and benthic nepheloid layers particles in the removal of radionuclides and, presumably, of other trace elements from seawater (Deng et al., 2014; Hayes et al., in press ). Information presented in this review will facilitate the incorporation of additional sophisticated optical techniques in future GEOTRACES expeditions. This information will also be of value in planning other programs, such as those studying the marine biogeochemical cycles of carbon, of major nutrients, and of anthropogenic contaminants.
Optical properties and their sensitivity to mass, size, composition, shape, and packing of marine particles the laboratory and the field. Absorption and angular scattering are the processes through which monochromatic (i.e. narrow wavelength band) and collimated (i.e. highly directional) light from a source is lost out of a light beam through annihilation or redirection, respectively. The attenuation coefficient (c) is the sum of the absorption coefficient (a) and the scattering coefficient (b), which is the integral of all directions of angular scattering. An additional IOP is inelastic scattering; the process whereby light absorbed at one wavelength is emitted at another wavelength.
To first order, optical properties of particles vary with concentration. To second order, they vary with size, shape, internal structure and packing. While the interaction of matter with light is complicated (e.g. Jonasz and Fournier, 2007, and Sosik, 2008 , for recent reviews), some generalizations can be made, in particular with respect to the effect of particle size. For particles much smaller than the wavelength, scattering is fore-aft symmetric and decreases as wavelength to the negative 4th power, whereas absorption for such particles is proportional to their volume. For particles much larger than the wavelength, absorption, scattering and attenuation correlate with cross-sectional area (i.e. their shadow, e.g. Jonasz and Fournier, 2007) , exhibiting relatively little spectral variations in scattering, and hence are relatively insensitive to composition. To first order, the mass normalized optical property of a single particle can be predicted by the ratio of its size (e.g. the diameter of a sphere with a similar cross-section) to the wavelength of light times the difference between its index of refraction and that of water (e.g. Figs. 3-6 in Stemmann and Boss, 2012) . While mass normalized absorption decreases approximately monotonically with particle size (Duysens, 1956) , mass normalized scattering exhibits a resonance behavior as a function of size. Scattering reaches a maximum for particles of a few microns, then decreases as diameter À1 for larger solid particles (Baker et al., 2001; Fig. 2) .
Because particulate matter (PM) concentrations within the water column change over four orders of magnitude (e.g. PM varying from 5 to >12,000 lg kg À1 as a function of depth and location in the open ocean, Brewer et al., 1976; Gardner et al., 1985) , the primary variability in optical properties in the ocean (from the seawater and the particles) is due to particle concentration. Additionally, optical properties are sensitive to particle size, shape and composition. Angular scattering for particles is a strong function of particle size; in general, the larger the particle, the more the energy is scattered in the same direction the light is propagating. Composition effects are mediated through the index of refraction of the material particles that are composed of both organic (lipids, sugar, proteins, starch) and inorganic materials (opal, calcite, clay minerals). These materials have indices of refraction that are significantly different from water (n > 1.12, Aas, 1996 , where n is measured relative to water), and hence cause the particles to interact significantly with light (the more different the index of refraction of a particle relative to water, the more intense the scattering from that particle). Because phytoplankton and other organic particles (such as bacteria) often have a large fraction of their volume occupied by fluid, their 'effective' index of refraction (that is if we model them as homogeneous particles) is quite similar to that of water (n $ 1.05, Aas, 1996) .
For large populations of particles, composition was found to primarily modulate the ratio of backward to forward scattered light (e.g. Twardowski et al., 2001; Fournier et al., 2014) . When the optical properties such as attenuation and scattering are normalized by dry-mass (that is without the interstitial water, as when obtaining dry weight PM), the mass specific optical property varies by only a factor of two between organic and inorganic particles (Babin et al., 2003) .
Aggregation of oceanic particles most often results in particles having a large fluid fraction and significant amount of mass (Alldredge and Jackson, 1995) , and so will change angular scattering while nearly maintaining mass normalized optical properties (Boss et al., 2009a; Slade et al., 2011) . It has been observed that the bulk optical properties of particle populations are proportional to the total cross-sectional area of the disaggregated particles (e.g. as measured with Coulter counters, see for example Fig. A1 , in Behrenfeld and Boss, 2006) . Hence, aggregation and disaggregation of oceanic particles tend to have a relatively small effect on mass normalized optical properties, as the crosssectional area of the solid material is nearly conserved. However rare and large heterogeneous aggregates are not well sampled by bulk optical methods. For these aggregates, imaging methods are better (see below; McDonnell et al., 2015) . Similar arguments as for heterogeneous aggregates may apply to transparent exo-polymers (TEP, whose primary material is made from high index of refraction building block, but with a lot of added water, Alldredge et al., 1993) . ) and natural particles (solid circles) (from Baker et al., 2001) . Note the resonance near 1micron and the decrease as diameter À1 for larger sizes. (Wood, 1993; Gardner et al., 2014 ) but were seldom greater than 100 lg l À1 in the Brazil basin (Richardson et al., 1990) . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Commercial technology to measure optical properties in-situ
Commercially available in-situ optical instruments can be used to obtain estimates of the beam-attenuation, backscattering, sidescattering and absorption coefficients, which are then used as proxies for particle concentration. A list of worldwide datasets with such measurements is provided in Appendix A. The reason we use the word estimate is that no instrument measures exactly the property it is supposed to measure. Attenuation meters have a finite acceptance angle, which results in a de facto upper size cutoff sensitivity to particles (Boss et al., 2009b) , and, when path length is short and/or particle concentrations are large, may be biased due to multiple scattering (e.g. Leymarie et al., 2010) . Backscattering sensors measure light scattered at a single angle in the back direction. This single-angle measurement is used to estimate the full back-hemispherical scattering. This conversion has an associated uncertainty around 10% for typical marine particles (Boss et al., 2001a; Sullivan et al., 2013) , and in very turbid conditions needs to be corrected for attenuation along the path. The exact angular response of side-scattering sensors is most often unknown and hence output is not in strictly physical units; rather it is calibrated with a turbidity standard. Finally, the vetted commercial instruments available for measuring the absorption coefficient in-situ (WETLabs ac-9 & ac-S) have a deficiency in collecting all the scattered light and hence needs to be corrected in a procedure for which there is still no consensus and that introduces uncertainties on the order of a few tens of percent in the blue portion of the spectrum (e.g. Leymarie et al., 2010; Röttgers et al., 2013) . Note, however, that a novel sensor has recently become commercial which should, in principle, provide in-situ absorption that does not need to be corrected for scattering (Turner Design's ICAM based on Fry et al., 1992) . Given the above, comparing measurements by different sensors requires that instrument specifications are known and comparable.
Use of single optical properties to obtain particle mass, size and composition
The introduction of the first commercial transmissometers spawned the investigation of PM and particulate organic carbon concentration (POC) relationships with beam attenuation coefficient (Bishop, 1986 (Bishop, , 1999 Bishop et al., 1999 Bishop et al., , 1992 Bishop and Joyce, 1986; Bishop and Wood, 2008; Cetinic et al., 2012; Gardner, 1989a; Gardner et al., 1985 Gardner et al., , 2003 Gardner et al., , 1993 Hill et al., 2011; Karageorgis et al., 2008 Karageorgis et al., , 2014 Neukermans et al., 2012) . The beam attenuation coefficient was found to be a better proxy for POC than for PM for waters dominated by biogenic particles, having a smaller intercept and a significantly higher correlation coefficient (Bishop, 1999; Gardner et al., 2003) .
Remote sensing requirements and the need to understand coastal and near bottom processes, stimulated the development of PM/POC -backscattering proxies (Boss et al., 2009c; Cetinic et al., 2012; Neukermans et al., 2012; Stramski et al., 1999) . The availability of relatively cheap and large-depth capable side-scattering (turbidity) sensors encouraged studies relating side-scattering and POC or PM (Baker et al., 2001; Bishop and Wood, 2008; Boss et al., 2009c; Bishop et al., 2012; Cetinic et al., 2012) . Gardner et al. (1993) found in a North Atlantic study, that inclusion of the particles settling to the bottom of a Niskin bottle (Gardner, 1977) made no significant improvement to the correlation between PM and c p ; it did, however, increase the slope of the regression by 40%, demonstrating that the settled particles (likely large aggregates) contributed significantly to c p . Bishop and co-workers (Bishop, 1999; Bishop et al., 1999; Wood, 2008, and Bishop et al., 2012) have found that inclusion of the >51 lm particle size-fraction improves the correlation of POC to c p relationships. They found that a single scaling factor relates POC and c p in oligotrophic waters near Hawaii and in productive waters of the Oyashio (see Fig. 3AB ). In contrast, they found sidescattering data to severely underestimate euphotic zone POC concentrations (Fig. 3CD) . Cetinic et al. (2012) , using data from the North Atlantic, have found that POC to c p relationships hold equally well above and below the euphotic layer. In contrast, they found that backscattering/c p and side-scattering/c p ratio varied with depth.
The variability in mass specific optical properties, when compared across studies, has been found to be constrained within ±50% despite some variability in the analytical methods used to obtain mass (Boss et al., 2009c; Cetinic et al., 2012; Hill et al., 2011; Neukermans et al., 2012) and large variability in the environments sampled. Note that in all these studies measurements have been done using red or near-infra-red wavelengths (650 nm < k < 880 nm) to minimize the effect of dissolved substance absorption on the attenuation coefficient, as well as to minimize the effect of particulate absorption on the scattering coefficient. Shifrin (1988) has introduced the 'method of fluctuation' whereby fluctuation in beam attenuation can be used to provide an average particle size estimate. Briggs et al. (2013) have developed a similar method (though derived differently) to obtain an average particle size from backscattering and beam attenuation and have validated it in the laboratory against an established method (laser diffraction). The isolation of spikes in beam attenuation coefficient and scattering signals has been shown to be an index of both zooplankton and aggregate particles (Bishop and Wood, 2008; Gardner et al., 2000) .
As noted above, there are locations where local or advected resuspended sediments increase particle concentrations and the associated c p . These occurrences can be understood with the additional measurement of the backscattering ratio (see below). During the GEOTRACES program, evidence of active resuspension and deposition has been found to be important in scavenging some particle-reactive radionuclides in bottom waters (Hayes et al., in press; Anderson and Hayes, 2015) and is likely to have other biogeochemical impacts waiting to be discovered. Global mapping of areas of resuspension is needed for determining likely sites for further exploration (e.g., Gardner et al., 2014, Fig. 1 ).
Combination of several optical properties Spectral optical properties
Spectral beam attenuation of particles (the difference between measurements of unfiltered samples minus those filtered by an in-situ 0.2 lm filter) has been shown to provide a robust size index of particles in the size range of 0.2-20 lm (Boss et al., 2001a; Slade et al., 2011) . A relationship between the particle beam attenuation spectral-slope and a power-law particulate size distribution (PSD) is predicted by idealized theory (e.g. Mie theory which assumes particles are spheres and of homogeneous optical properties, e.g. Boss et al., 2001b) . A commercial switching device (FlowControl) to automate the filtered/non-filter technique for in-line or in-situ measurements of particulate properties has recently been commercialized (Sequoia Scientific). Spectral absorption of particles has been measured in situ using the same filtration system at both low and high spectral resolution. Low spectral resolution data has been used to estimate in-situ chlorophyll concentration from the peak height of the 676 nm Sorret band in an oligotrophic lake (Davis et al., 1997; Boss et al., 2007) . High spectral resolution particulate absorption data were shown to provide concentrations of in-situ phytoplankton pigments and hence to extract information on the underlying phytoplankton population (Moisan et al., 2011; Chase et al., 2013) .
Most recently, a method that estimates the iron content of lithogenic particles using their absorption at blue wavelengths has been described (Estapa et al., 2012) . Such a method, if proved to work with in-situ sensors, could pave the way for measurement of in-situ particle bound iron.
Since the 1960s fluorescence measurements have been used regularly to sample phytoplankton pigments in situ. This method is used to quantify pigments in situ and to differentiate phytoplankton functional types. Interpretation of the signals is not trivial particularly if quantitative results are sought (see recent review by McIntyre et al., 2010) .
Multiple angle scattering
Diffraction-based techniques have been used for fifteen years to obtain size resolved information of PSD in situ (that is, which minimally affect aggregation state) by inversion of near-forward scattering measurements made using the Laser In Situ Scattering and Transmissometry (LISST) family of in situ sensors (Agrawal and Pottsmith, 2000) . Sizes resolved with different LISST instruments span from about 2 to 500 lm. The inversion is most sensitive to a particle's cross sectional area. Hence, non-sphericity of marine particles results in smearing across size classes as different orientations are presented to the sensor (Karp- Boss et al., 2007) while providing a useful measure of the particulate cross-sectional area (which is proportional to the surface area for randomly oriented convex particles).
The LISST sensors were primarily designed to work in turbid environments (they have a 5-cm pathlength) and hence have a relatively low signal-to-noise ratio in clear water. Nonetheless several studies have used them in the upper ocean with success (Neukermans et al., 2012; Reynolds et al., 2010) .
Backscattering ratio
The ratio of particle backscattering to the particle scattering coefficient, the backscattering ratio, has been found to be a useful descriptor of the bulk composition of the particle assemblage. It varies in the field by about a factor of 6 from 0.5% associated with phytoplankton to about 3% associated with highly refractive lithogenic particles (e.g. Boss et al., 2009c; Loisel et al., 2007; Twardowski et al., 2001 ). An extreme value of 5% has also been reported (McKee et al., 2009 ).
Optical sensing methods to obtain information on particulate inorganic carbon concentration
Cross-polarized transmission
Birefringence refers to the ability of a mineral crystal to split an incident beam of linearly polarized light into two beams of unequal velocities (corresponding to two different refractive indices of the crystal), which subsequently recombine to form a beam of light that is no longer linearly polarized.
The extreme birefringence of CaCO 3 makes it light up when the sample is held between crossed polarizers and viewed using transmitted light. This characteristic mineralogical property of CaCO 3 is widely used as a means of identification. tometer can be used to detect particulate inorganic carbon (PIC, Guay and Bishop, 2002; IOCCG, 2011) . Experiments with varying coccolith concentration in suspension with and without varying concentrations of non-birefringent material have established a linear concentration response to PIC. The measurement of birefringent photons requires simultaneous measurement of transmission to correct for scattering losses, although these losses are minor in most cases. Birefringence is measured as: B = B obs / T 0.5 , where B = corrected birefringence, B obs = raw birefringence signal and T (as a fraction) is the measured fractional transmission (relative to particle free water) at the same wavelength. A low power (<0.5 W) PIC sensor has been used in diverse ocean environments ranging from polar regions to the equator, including oligotrophic to coastal and oxic to sub-anoxic environments (Bishop, 2009 
Acid-labile method
''Acid labile backscattering'' is calculated as the difference between total and acidified backscattering (measured after adding a weak acid in order to drop the pH of the seawater/particle suspension below the dissociation point for calcite, Balch et al., 2001 ). This setup is ideal for semi-continuous shipboard measurements over a variety of spatial and temporal scales. Typically, acid-labile backscattering measurements can be made once every few minutes aboard ship, allowing spatial resolution of $1 km at typical ship speeds (e.g. Balch and Utgoff, 2009) . Conveniently (and fortuitously), due to the typical coccolith backscattering cross section, the magnitude of the acid-labile backscattering (in units m
À1
) is approximately numerically equal to the PIC concentration (in moles m À3 , Op. Cit.).
Remotely-sensed ocean color
Algorithms to obtain particle properties from ocean color remote sensing come in several varieties. Correlation-based algorithms are used to map chlorophyll (O'Reilly et al., 1998) , POC (Son et al., 2009; Stramski et al., 1999 Stramski et al., , 2008 , PM (Vantrepotte et al., 2011) , PIC (Balch et al., 2007) , and phytoplankton functional groups (Alvain et al., 2005; IOCCG, 2014) . They tend to work best in open ocean conditions where the assumptions that phytoplankton and associated constituents co-vary and primarily modulate ocean color are valid. Semi-analytical algorithms have been developed which, in addition to empirical input, use radiative-transfer theory to invert optical constituents in the open ocean. These algorithms, most often, obtain the combined absorption of non-phytoplankton and dissolved material, phytoplankton absorption, the associated chlorophyll concentration, and the backscattering coefficient (see IOCCG, 2006; Werdell et al., 2013) . Semi-analytical algorithms provide information regarding size (Loisel et al., 2006; Kostadinov et al., 2009; Berwin et al., 2011) and phytoplankton composition as well (Kostadinov et al., 2010) .
A resource with examples using ocean-color remote sensing for a variety of ocean related studies with many case studies is provided at: http://www.ioccg.org/handbook.html. One is cautioned that many ocean-color based algorithms provide output without associated uncertainties. In addition, empirical algorithms that have been tuned with specific data obtained in a specific region at a given time may not be applicable to other conditions.
Optical imaging of particle abundance and size distribution
Relevant to the GEOTRACES objectives, imaging systems provide particle size spectra and characterize individual particles at high frequency. These are useful to estimate (1) macrozooplankton abundance (Checkley et al., 2008; Stemmann et al., 2008a) , (2) particle flux through the water column (Guidi et al., 2008; Guidi et al., 2009; Jackson and Burd, 2002; Jouandet et al., 2011) , and (3) particle size distribution in mesoscale spatial patterns (Guidi et al., 2012 ; see e.g. Fig. 4 ). They can be used to test the influence of particle size distribution on carbon and trace element (TE) fluxes (Bishop, 2009; Burd et al., 2007; Stemmann et al., 2004a; Stemmann et al., 2004b) , and identify depths where aggregation takes place that may affect the distribution of elements (Burd and Jackson, 2009) .
Optical imaging systems such as digital cameras have been used since the 1980s to study in-situ concentrations of particles larger than tens of micron including marine snow with an equivalent spherical diameter (ESD) >500 lm (Alldredge, 1998; Davis et al., 2005; Goldthwait and Alldredge, 2006; Gorsky et al., 1992; Honjo et al., 1984; McDonnell et al., 2015; Walsh and Gardner, 1992) . Since then, the technology has evolved allowing fast laboratorybased or in-situ measurements of particle size distribution from a few microns to a few millimetres. The particle size range ''seen'' by these instruments is limited by the resolution of the imaging sensor and the volume of water sampled.
These instruments have been used to study biogeochemical cycles combining particle information from camera systems and sediment trap measurements of particle flux in order to better estimate particle sinking rate, a characteristic influencing particle export (Asper, 1987; Asper et al., 1992; Diercks and Asper, 1997; Gardner and Walsh, 1990; Guidi et al., 2008; Iversen et al., 2010; Jackson et al., 1997; Jouandet et al., 2011; McDonnell and Buesseler, 2010; Peterson et al., 2005; Walsh and Hunter, 1992) . Systems such as the In Situ Ichthyoplankton Imaging System ISIIS (Cowen and Guigand, 2008) , the Zooplankton Visualization and Imaging System ZOOVIS (Benfield et al., 2007) and the Shadowed Image Particle Profiler and Evaluation Recorder (SIP-PER, Samson et al., 2001 ) allow counting and sizing of large zooplankton from images. The Video Plankton Recorder (VPR, Davis et al., 2005) and the Underwater Vision Profiler (UVP, Picheral et al., 2010) provide high temporal resolution particle imaging and size individual particles >$100 lm. However the larger water volume per image sampled by the UVP (Volume UVP $ 100 times greater than the VPR) allows better estimation with higher vertical resolution of concentrations of rare large particles (>1 mm). Several systems utilizing holographic imaging such as the LISSTholo (Braithwaite et al. 2012 ) have also been developed for the purpose of imaging individual particles with sizes >$50 lm in situ (Hobson et al., 1997; Katz et al., 1999; Alexander et al., 2000; Pfitsch et al., 2007) . Other optical instruments such as the laser optical plankton counter (LOPC) can be used to quantify zooplankton and particles based on the opacity and size of particles (Checkley et al., 2008; Gonzalez-Quiros and Checkley, 2006; Jackson and Checkley, 2011) . Validation is critical to insure particles are well identified.
While most of the instruments presented above allow imaging and measurement of large (>100s lm) particles there is increasing interest in quantifying nano-and microplankton particles. Laboratory, on-vessel or in-situ instruments such as the FlowCam (Flow Imaging), the Imaging FlowCytobot (McLane), or CytoSense (CytoBuoy) allow this based on imaging and/or flow cytometery (Dubelaar and Gerritzen, 2000; Olson and Sosik, 2007; Sieracki et al., 1998) .
Deployment strategies
Sensors to measure marine particles have been routinely deployed on CTD rosettes (Bishop and Joyce, 1986; Bishop et al., 1992; Bishop et al., 2012; Bishop, 1999; Bishop and Wood, 2008; Dickey et al., 2006; Gardner et al., 1985; Gardner et al., 1993; Gardner et al., 2001; Hill et al., 2011; Karp-Boss et al., 2004; Stemmann et al., 2008a) , during deployments of large volume insitu filtration systems (Bishop, 1999; Bishop et al., 1999; Bishop et al., 2012; Bishop and Wood, 2008; Moran et al., 1999) , on slow-drop packages (packages that fall under their own weight, Barnard et al., 1998) , towed pumping systems, (Holser et al., 2011) , AUVs and profiling floats Bishop and Wood, 2009; Bishop et al., 2004; Boss et al., 2008; Checkley et al., 2008; Dickey et al., 2008) , submarines, bottom tripods (Gardner et al., 1985; Slade et al., 2011) and moorings (Dickey et al., 2006; Gardner, 1989a Gardner, , 1989b Richardson et al., 1993) . Consideration of deployment platform should include potential of platform interference with particles (e.g. by inducing turbulence that break aggregates) and the ability of the platform to deal with the weight, size, power and data streaming demands of a particular sensor.
Optical technology for measuring particles and their properties that could enhance GEOTRACES cruises
Recommendations for sensors and sensor systems that could be included in GEOTRACES cruises to provide information regarding particles are provided in Table 1 , with relationships between certain bulk particle properties and optical variables are provided in Table 2 .
The US GEOTRACES intercalibration experiment cruises have provided a test bed for transmissometer scattering, and PIC sensor deployments during trace metal rosette casts and in-situ pump casts (e.g. Appendix B).
Calibration strategies and resolution issues in nearly particle free oceanic waters Calibration and clean techniques with particle sampling and optical measurements are key to obtaining meaningful data in the open ocean as, often, the signals measured and samples collected are very close to the resolution and/or accuracy of the instruments/sampling-technique. This is well illustrated by the data of (Brewer et al., 1976) , showing that the lowest and average PM in the deep North Atlantic are on the order of 5-6 lg kg À1 and 20 lg kg À1 , respectively. Using large volume in situ pumps in the upper 500 m of the water column, Bishop and Edmond (1976) found particle concentrations to be 20-100% higher than previously reported (Brewer et al., 1976) , mostly due to adding the large-particle fraction. Gardner (1977) and Gardner et al. (1993) showed that inclusion of particles that have settled below the Niskin bottle sampling spigots increases particle concentrations by 10-100%, which accounts well for the difference between bottle and pump concentrations reported by Bishop and Edmond (1976) .
Assuming a conversion factor to beam attenuation of 0.8 m 2 g
À1
(based on the compilations of Gardner et al., 1985; Hill et al., 2011) , the lowest and average c p at 660 nm are expected to be of the order of 0.005 m À1 and 0.015 m
, respectively. The digital output of c p from 25 cm-long single band digital beam-transmissometers is reported to 0.001 m À1 resolution. Monitoring of analog output and digital count output from the sensors during laboratory bench top testing shows noise levels lower than 0.0003 m À1 . Acquisition of digital count data from the CTD permits this level of precision to be achieved. Aboard ship, along-track Guidi et al. (2008) . (B) Particle abundance (PSD) for particles with equivalent spherical diameter (ESD, determined from particles cross-section) varying from 100 lm to 2 cm, binned every 200 m down to 1200 m compared to a theoretical PSD with slope equal to À4 in red. (C) Difference between the theoretical and the observed PSD with examples of aggregates from the UVP images found where residuals were maximum. In this example, large aggregate abundance increases with depth below 150 m, presumably reflecting formation and loss of aggregates sinking down to the deep sea (Roullier et al., 2014) . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) transmissometers fed with surface water can achieve 0.0005 m À1 accuracy by taking the difference between two successive measurements with the same instrument, one with and one without a 0.2 lm filter at the intake of a flow sleeve, and averaging over a minute of independent measurements Slade et al., 2010) .
Comparisons of sensors by Barnard and Claustre (personal communication 2012) and Bishop (CTD data R/V Point Sur, Feb 2012) demonstrated that (1) transmissometers are precise instruments (precision on the order of 0.001 m À1 , and can be improved further by averaging), (2) transmissometers should be cleaned and calibrated by the users close to the time of measurements to significantly increase their accuracy (GEOTRACES has published a protocol on the appropriate procedures, see: http://www.geotraces.org/libraries/documents/Intercalibration/Cookbook.pdf), and (3) achieving highly accurate measurements in low particle concentration waters, is still a major challenge. Details of these comparisons are provided in Appendix B.
In terms of the back-scattering coefficient of particles, a minimum PM of 6 lg kg À1 with a mean around 20 lg kg À1 translates to about 5 Â 10 À5 and 15 Â 10 À5 at 660 nm, where the uncertainties are on the order of 5 Â 10 À5 m À1 . To reach this level of accuracy, however, dark current measurements have to be determined on a separate cast with black tape on the receiver (Twardowski et al., 2007) . Twardowski et al. (2007) found that between 300 and 500 m the difference between the backscattering signal at a red wavelength in the South Pacific ocean and the cleanest calibration waters was not significant. Using turbidity meters it is possible to obtain higher resolution than with backscattering sensors. For example, Boss et al. (2008) obtained a minimal difference (7 counts) between the cleanest field water and the dark current. The higher resolution with turbidity meters is most likely due to the larger (though less well defined) sampling volume compared to backscattering sensors. The Seapoint turbidity meter, if measured to millivolt accuracy, has a resolution of 0.005 FTU (http://www.seapoint.com/stm.htm, equivalent to about 5 Â 10 À5 m À1 in backscattering units). Precision can be improved using higher resolution analog to digital converters and by averaging.
Current technology to measure the absorption coefficient insitu has accuracy on the order of 0.005 m À1 or 0.01 m À1 (for 25 cm long WET-Labs's ac-9 and ac-S respectively), when calibrated with Nanopure clean water and for the red part of the spectra. Higher accuracy is possible if a calibration independent technique is used to obtain the particulate absorption (0.001 m
, Boss et al., 2013) , resulting in uncertainties in estimated chlorophyll on the order of 40% (Op. Cit.). Uncertainties associated with the scattering correction increase in absolute value at blue wavelengths and can be as high as 30% (Röttgers et al., 2013) . When absorption by inorganic particles is important, signif- Picheral et al. (2010) . b Bishop (2009) . c Slade et al. (2010) . d Balch and Utgoff (2009) . e Dubelaar and Gerritzen (2000) . f Olson and Sosik (2007) . g Sieracki et al. (1998) . Because detection and analysis of particles vary among different imaging systems, it is important to understand calibration procedures to ensure comparison of open ocean particle measurements. General calibration for optical instruments follows two critical steps: (1) calibration of the water volume for a single image and (2) calibration of the size of particle within the image. While particle counting is very sensitive to step 1, particle sizing depends on step 2. The volume calibration can be performed in an aquarium filled with seawater with the light source illuminating a calibration sheet placed at different position in the field of light, and a digital camera recording the illuminated surface. Once all images are recorded, the volume can be reconstructed in 3D. An example of the volume calibration process can be found in Picheral et al. (2010) . The size calibration on the other hand can be done using mainly 3 methods. For sufficiently large particles (>100 lm) calibration can be done inserting known ''natural'' targets into the imaging system prior to taking measurements (e.g. Picheral et al. 2010) . This allows calculating a calibration equation converting pixel area to real surface area of particles. When looking at smaller particles (<100 lm) inserting and tracking them in the light field becomes impossible and calibrated beads or culture of phytoplankton cells are used to replace natural targets (Agrawal et al. 2008; Karp-Boss et al., 2007) . Finally, cross-calibration of sensor output with a well characterized and calibrated sensor ('gold standard') can also be applied to insure inter-comparability of measurements.
Concentration has a critical impact on derived particle size distributions. For example, imaging instruments have seldom been used in oligotrophic systems where the principal technical challenge resides in the low concentration of particles >500 lm. Since particle concentration decreases approximately exponentially with size, the illuminated volume must increase considerably in order to detect such particles and their statistics. For example, in the clearest water of the Pacific south gyre, collecting 100 ml was found sufficient enough to detect particles up to 50 lm while 75 l of seawater was necessary to detect particles as large as 1000 lm (Stemmann et al., 2008b) .
From the discussion above it follows that the uncertainty associated with obtaining optical properties with current technology may not allow differentiation between a clear ocean water signal and a blank (the uncertainty in the signal is on the same order of magnitude as its difference from the cleanest calibration water available and heroic efforts need to be applied to do better). To improve on this situation, instrumentation and protocols need to be developed that can enable the robust determination of optical properties of particles in the deep ocean (e.g. using longer pathlength, stronger sources, more sensitive/stable receivers, better signal stabilization and calibration procedures). Specific calls for proposals by federal agencies (e.g. NSF-OTIC, NOPP or the SBIR programs in the USA) targeting the construction/refinement of novel/existing sensors that have good signal/noise characteristics, and for their validation in the clearest ocean waters, are needed to advance this field.
Conclusions and recommendations
Optical technologies can significantly aid the goals of the GEO-TRACES program in constraining material pools and processes associated with trace elements. While some of the optical sensors are likely to be challenged in the clearest subsurface ocean waters, they will provide very useful data near the ocean's surface and bottom and will also be useful in detecting specific particle layers. GEO-TRACES should include particle optics during CTD/rosette casts and during in-situ filtration system deployments and treat such data as core variables. The particulate samples, especially size fractionated samples collected by in-situ filtration, when analyzed for major constituent phases, would provide an especially valuable resource for GEOTRACES and for interpretation of optical signals. Optical sensors must be capable of full water column deployment and thus not interfere with cast operations. Further, at sea there must be scientific oversight of the optical data to ensure the quality of the data as it is collected. It is further recommended that a CTD-based intercalibration of multiple transmissometers, scattering and other candidate optical sensors in low particle waters would benefit data quality by providing the most stable instruments for major sections. The GEOTRACES program would benefit from the addition of in-line (shipboard flow through) optical sensors to provide information on horizontal distributions of particles within the mixed-layer.
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A. Appendix: Repositories where optical data can be found NSF funded, Biological and Chemical Data Management Office, bcodmo.org/.
ONR funded, Worldwide Ocean Optics Database (WOOD), wood.jhuapl.edu/wood/.
NASA's SeaWIFS Bio-optical Archive and storage system (Sea-BASS), seabass.gsfc.nasa.gov/.
NOAA's National Ocean Data Center, www.nodc.noaa.gov/.
Texas A&M transmissometer and POC data sets from JGOFS, WOCE, CLIVAR and others: ocean.tamu.edu/$pdgroup/SMP_prj/ DataDir/SMP-data.html or odv.awi.de/en/data/ocean/.
B. Appendix: Recent inter-comparison exercises involving transmissometers
In a comparison between ten new sensors deployed side-byside (Barnard, Claustre, 2012 personal communication) , it was found that if users did not clean and calibrate the sensors themselves (that is relying on the manufacturer calibration and not cleaning the windows) differences between sensors readings could be as large as 0.05 m À1 . Slight misalignment due to handling when instruments are shipped can cause significant deviation in readings. Conducting local calibration and cleaning the instruments improved agreement between instruments to within 0.01 m
À1
. Forcing all instruments to agree on the value at depth resulted in a difference between instruments that was on the order of 0.001 m À1 . Four transmissometers of two different designs (WET-Labs' C-STAR analog and digital instruments (CST 391 and CST 1450) and two prototype neutrally buoyant instruments, WET-Labs' POC017, POC018) were simultaneously profiled in deep California Current waters over 5 days at the same location (Bishop, unpublished data, 2012) . Published GEOTRACES protocols for transmissometers were followed. Pooled sensor results for a low variability water layer between 1400 and 1600 m gave an average beam attenuation coefficient value of 0.0085 (s.d. 0.0033) m À1 (Fig. A1 , Lerner et al., 2013) . In contrast, each individual instrument repeated the 1400-1600 m beam attenuation coefficient value to a precision of s.d = 0.0009 m
. The largest contributor to the absolute disagreement of the 4 sensors was that each had a different and finite residual signal response to temperature, which although falling within manufacturer's specifications, is repeatable and can be compensated for during data processing. We were able to correct data from the older -less accurate analog sensor CST391 for temperature effects and brought all results into agreement of ±0.0022 m
. Manufacturer calibration of the sensor in particle free water has been shown to be reproducible. The residual thermal sensitivity issues of transmissometers can be solved. 
